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A B S T R A C T
To our knowledge, this communication is the first report of chemotaxis towards chlorophenols by any bacteria.
We used a recently published method based on the agarose in-plug assay combined with video processing
analysis and we also present a new index of bacterial mean speed for these assays.
Chemotaxis is the movement of bacterial cells towards or away from
chemicals (Eisenbach and Lengeler, 2004; Marx and Aitken, 2000;
Pandey and Jain, 2002; Tso and Adler, 1974) with the aim of finding
ideal conditions for growth and survival (Paul et al., 2006). Bacterial
chemotaxis may have a significant impact on the structure and function
of bacterial communities (Law et al., 2005; Tolker-Nielsen et al., 2000).
There is sufficient evidence demonstrating that positive chemotaxis has
the potential to enhance the bacterial degradation of organic pollutants
in contaminated environments (Krell et al., 2013) in which the pollu-
tants are distributed heterogeneously, generally by association with
non-aqueous phases (Marx and Aitken, 2000). Several microorganisms,
showing chemotactic responses towards different pollutants, have been
isolated and characterized (Paul et al., 2005). By bringing micro-
organisms closer to sources of higher pollutant concentrations, che-
motaxis could also increase the concentration gradient, the corre-
sponding rate of mass transfer and consequently the overall rate of
biodegradation (Krell et al., 2013; Lacal et al., 2013; Meng et al., 2017).
To date, most of the reported chemotaxis assays are primarily
qualitative, as the swarm plate assay (Adler, 1966) and the agarose-in-
plug method (Yu and Alam, 1997). Although they are easy to use, these
methods are limited in the accurate control of chemical gradients, low
sensitivity or have long analytical times (Jeong et al., 2013). In addi-
tion, bacterial growth in certain toxics as the sole source of carbon and
energy leads to slow bacterial growth and low cell yields (Johnsen
et al., 2002), which makes it difficult to detect chemotactic responses
towards these chemicals. A large amount of phenolic compounds,
which include chlorophenols (CPs), are discharged through effluents
from a variety of industries (Jiang et al., 2013; Kılıç, 2009). Due to their
high toxicity to the environment and health, these compounds are ca-
tegorized as priority chemicals by the U.S. Environmental Protection
Agency (EPA) (Lei et al., 2006). Chlorophenols (CPs) are used world-
wide in wood preservation, pesticides, fungicide and explosives (United
States Environmental Protection Agency, 1980). One of the most
commonly used CP is pentachlorophenol (PCP) a synthetic organo-
chlorine compound that was first manufactured commercially in 1936
and is still used primarily as a wood preservative (Eisler, 1989). This
compound is fetotoxic, teratogenic, it has caused numerous occupa-
tional illnesses and deaths and has had significant adverse effects on
domestic animals (Eisler, 1989). In the production of PCP, it is common
to obtain other CPs as by products, such as 2,4,6-trichlorophenol (2,4,6-
TCP), 2,3,5,6 tetrachlorophenol (2,3,5,6-TeCP) and 2,3,5 tri-
chlorophenol (2,3,5 TCP) (Middaugh et al., 1993). The removal of PCP
from industrial wastewaters before their discharge is mandatory (Lu
et al., 2012). However, its extensive use has led to the pollution of soil
and groundwater.
Several physico-chemical and biological methods have been used
for removal of phenolic compounds from the environment (Arora and
Bae, 2014; Chauhan et al., 1999; Estevinho et al., 2006; Jianlong et al.,
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Fig. 1. Chemotaxis response towards chlorophenols by a mixed culture (Pseudomonas aeruginosa and Achromobacter marplatensis) in swarm assay. Swarm assay (A, B, C, D, E, F) was tested
with 25 mg l−1 of CPs in agar 0.25% (w/v). Negative control had no attractant. Photographs were taken after five days of incubation. Five replicates of each assay were done. The arrow
indicates the border of the chemotactic ring. Some responses remained unseen. Therefore, to confirm the spreading of cells outside the point of inoculum from the center of the
swarmming plates towards the edge of the plate, a sterilized filter paper was placed onto each swarm plate and then transferred to a 1% (w/v) nutrient agar plate. Photographs were taken
after 2 days of inoculation (A′, B′, C′, D′, E′, F′). A and A′: no attractant (negative control); B and B′: LB 0.025% (w/v) (positive control); C and C′: 2,4,5 TCP; D and D′: 2,4,6 TCP; E and E′:
2,4,5,6 TeCP; F and F′: PCP.
Fig. 2. Processed images of the chemotaxis assay of the mixed culture of Pseudomonas aeruginosa and Achromobacter marplatensis towards different chlorophenols. Agarose-in plug assay
was tested with 10 mg·l−1 of CP in agar 1% (w/v) with a concentration about 108 CFU ml−1. Videos were taken at 1 and 5 min from the beginning of the assay, with phase contrast
microscope at 600× magnification (black &white images). Video images were processed using Shannon's Entropy (Nisenbaum et al., 2016). For each assay, a pseudolored image was
composed from the median of the entropy values for each pixel of the five replicates. The color scale bar on the right side of the images indicates the level of entropy or intensity of
movement. Red color indicates the higher entropy level (top of the scale bar), blue color indicates de lowest one (bottom of the scale bar). The agarose plug is present in the upper part of
the frames. The black arrow indicates the border of the plug. Negative: negative control, buffer. LB 1% (w/v): positive control. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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2000; Mathialagan and Viraraghavan, 2009; Abdel-Ghani et al., 2013;
Yang and Lee, 2008), including storage in land-fill sites, incineration
and abiotic degradation processes such as photodecomposition
(McAllister et al., 1996). However, bacterial degradation is considered
the most cost-effective and eco-friendly remediation method. Many
chlorinated compounds are biodegradable by a wide range of bacterial
strains, some of which have been isolated and characterized for po-
tential bioremediation applications (Bhushan et al., 2000; Chin Wang
et al., 2000; Durruty et al., 2011a; Haddadi and Shavandi, 2013;
McAllister et al., 1996; Middaugh et al., 1993; Murialdo et al., 2003;
Wolski et al., 2006). Additionally, the metabolic pathways and de-
gradation of CPs have been studied in bacteria and the genes and en-
zymes involved have been identified and characterized (Alva and
Peyton, 2003; Arora and Bae, 2014; Bonfá et al., 2013; Haddadi and
Shavandi, 2013; Quilty, 1998; Wang et al., 2014). In spite of this, to our
knowledge, there are few communications about chemotaxis towards
phenolic compounds (Arora et al., 2015; Bhushan et al., 2000; Paul
et al., 2006; Pham and Parkinson, 2011; Sarand et al., 2008). However,
these studies have not included chlorophenols. Therefore, the main
objective of this study was to characterize the chemotactic response
towards CPs by a mixed culture composed of Pseudomonas aeruginosa
and Achromobacter marplatensis. We were able to determine this re-
sponse using the new method of video processing analysis recently
published by our group (Nisenbaum et al., 2016) and develop a new
tool to determine the mean velocity of the response.
The mixed culture composed was isolated from contaminated PCP
soils (Gomila et al., 2011; Murialdo et al., 2003). The culture was
cultivated in a minimum liquid medium (MM) composed by the fol-
lowing inorganic salts (mg·l−1): 2.93 PO4K2H, 0.77 PO4H2K (Sigma),
2.25 NH4NO3, 0.45 MgSO4.7H2O (Anedra); and 15 mg.l−1 of each CP
in a mixture as a sole carbon source, at pH 7. The flasks were kept at
25 °C in the dark to avoid photo-decomposition of CPs.
Before the chemotaxis assay, an aliquot of the culture at the end of
the exponential phase was transferred to fresh MM with 1% (w/v)
glutamate and 50 mg l−1 PCP. After 24 h incubation with a constant
orbital shaking at 25 °C, the cell culture was centrifuged at 3000 (g) for
20 min. The pellet was re-suspended in motility buffer (0.1 mM EDTA
and 10 mM PO4K3, pH 7) without a carbon source for 24 h at constant
temperature (25 °C).
We first tested the chemotactic response towards CPs with the tra-
ditional swarm assay (Adler, 1966). Three μl of P. aeruginosa and A.
marplatensis culture was inoculated in the center of the petri dish cap-
sules with 0.2% p/v agar in motility buffer with 0.025% w/v LB (po-
sitive control), without any attractant substance (negative control) or
with 25 mg·l−1 of PCP, 2,4,6 TCP, 2,3,5,6 TeCP or 2,3,5 TCP. The
dishes were incubated at 25 °C in a 100% (v/v) humidity chamber
(Darnton et al., 2010) and were examined every 24 h. Photographs
were taken with a charge-coupled device (CCD) camera (Cyber-Shot
Sony DSC-W5), observing the plate illuminated with white light from
the bottom (Parkinson, 2007). The assay was performed with five in-
dependent experiments for each compound, and three replicates for
each experiment.
The swarm assay (Fig. 1, A to F) did not show an accurate and re-
producible response when using chlorophenols as attractants. This
could be due to a low biomass yield when the cells were grown with
pentachlorophenol (PCP) as a sole carbon source (Murialdo et al.,
2003), which difficults to visualization of the chemotactic ring. To
confirm the cell spreading from the inoculation point to the outside
edge of the swarm plates, a sterilized filter paper was placed onto the
swarm plates at the end of the incubation period (5 days), and trans-
ferred to a 1% (w/v) LB agar plate. After 2 days of incubation (Fig. 1, A′
to F′) the spreading of bacterial cells was evidenced in all the plates
except when using 2,4,5 TCP as attractant.
In some replicates, the negative control plates also presented weak
chemotactic rings, even though it was of the best purity available. It
was confirmed when transferring cells onto a filter paper blot to the LB
1% (w/v) agar plate for getting visible colonies after the incubation (A′)
and infering the spreading from the point of inoculation. The same
result, of weak chemotactic response towards the agar as negative
control, was reported by Nisenbaum et al. (2013), and Lanfranconi
et al. (2003) and Bhushan et al. (2000). According to these results,
chemotactic responses towards CPs could not be assured by using this
method.
Therefore, the PC chemotactic response was then tested using the
agarose in-plug assay (Yu and Alam, 1997) combined with a video
processing analysis recently published by our group (Nisenbaum et al.,
2016). The chemotaxis chamber was made with two plastic strips glued
to a slide. A five μl plug of high purity agar 1% (w/v) dissolved in
motility buffer was placed in the center of the chamber. The agar plug
contained 10 mg·l−1 of PCP, 2,4,6 TCP, 2,3,5,6 TeCP or 2,3,5 TCP as
Table 1
Bacterial Motility Index (M(i)), Attraction Index (A(i)) and Average Speed (V(i)) for dif-
ferent chlorophenols. M(i) and A(i) were determined in the first zone next to the plug
(0–31.5 μm) in each processed image after 5 min from the beginning of the assay. Values
obtained for the negative control plug (buffer) in each time were subtracted from the
values of the tested chemoeffectors. LB: positive control. Positive value: attractant.
Negative value: repellent. i: attractant of the assay. The presented values are the median
of the replicates (N = 5) with the respective standard deviations (± ).
i M(i) A(i) V(i)(μm s−1)
Buffer 0 0 18.01 ± 5.34
LB 0.77 ± 0.059 3.57 ± 0.21 28.76 ± 3.11
PCP 0.50 ± 0.063 2.95 ± 0.276 38.67 ± 7.07
2,3,5,6 TeCP 0.31 ± 0.036 2.92 ± 0.178 10.18 ± 0.64
2,4,6 TCP 0.24 ± 0.028 2.84 ± 0.492 42.72 ± 7.82
2,4,5 TCP −2.24 ± 0.3425 −1.18 ± 0.425 13.91 ± 4.08
Fig. 3. Average speed values (Vi) of the bacteria placed at dif-
ferent distances from the plug with the tested chlorophenols. The











; Eq. (1)) by measuring the displacement
(distance, x) among the consecutive frames between the centroid
of a bacterium in any direction. Those bacteria that moved
outside the field of view were not considered. N = 50.
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attractants, 1% (p/v) LB (positive control) or no attractant (negative
control). The bacterial suspension (OD600=0.2, about 108 CFU ml−1)
was then incorporated into the chamber. Bacterial motility in the sur-
rounding areas of the plug was observed with an optical microscope
(Olympus BH2) at 600×, equipped with a phase contrast filter. The
assay was performed with five independent experiments for each
compound, and three replicates for each experiment.
Twenty second-videos were recorded at 1 and 5 min after the in-
oculation using a CCD camera (Cyber-Shot Sony DSC-W5) with an op-
tical zoom of 1.7, in the B &W mode, at 30 frames per second. Captured
images in MPEG format were processed as shown in Nisenbaum et al.
(2016) using Shannon Entropy (Shannon, 1948) as a descriptor. The
active region was divided into subzones of 31.5 μm for further calcu-
lations. The independent experiments were used to compute an entropy
value for each pixel and the final entropy was estimated as the median
of the processed values. The final value of the entropy was used to
assemble the pseudolored image of the assay (Fig. 2). As a measure of
the reliability of measurements the Intraclass Correlation Coefficient
(ICC) (Shrout and Fleiss, 1979) was performed on Entropy values in the
five replicates of each assay resulting high values of Agreement (0.985).
Motility Index (M(i)) (quantity of movement) and Attraction Index
(A(i)) was calculated as described elsewhere (Nisenbaum et al., 2016)
from the 5 min images (Table 1). The A(i) determines the chemoeffector
as attractant (positive value) or repellent (negative value), and its ab-
solute value compares the intensity of the bacterial population re-
sponse.
In metabolism-dependent taxis, the physiological relevance of
chemo-attraction to pollutants lies in the fact that these compounds
serve as carbon and energy sources (Krell et al., 2013; Sarand et al.,
2008). The chemotactic response of this mixed culture of P. aeruginosa
and A. marplatensis supports this statement since previous laboratory
studies have shown that the strains are able to degrade PCP, 2,4,6-TCP
and 2,3,5,6-TeCP as the only source of carbon and energy employing
single CP or the CPs mixture. This work opens the possibilities for
further studies to correlate the attraction towards CPs with cataboli-
zation rate, reported previously in Durruty et al. (2011b).
From the tracking of the bacteria in the areas near the plug, we
determined a new index of bacteria mean speed (V(s,i)) for further
characterization of the chemotactic response (Eq. (1)). The V(s,i) was
calculated within each subzone (s) by measuring the displacement
(distance, x) among the consecutive frames between the centroid of a
bacterium, in any direction. Those bacteria that moved outside the field
of view were not considered. Then, the average of the rates obtained
with each bacterium per zone was calculated as:
=








where (V(s, i)) is the average speed, i denotes the attractant in the plug, s
corresponds to an entropy image subzone, s= 1,2, … 8, n= 1, 2, …N,
N = 50 were N is the number of the bacteria in subzone s of image i;
x = distance in μm and t= time in seconds. Index values for each
subzone were computed as the average over the replicates of each ex-
periment.
The mean speed values for all the assays, except for the negative
control, were higher next to the plug and then decreased in the areas
further away from it (Fig. 3). Table 1 shows the highest bacterial speeds
next to the plug for all the tested compounds. In the positive response
towards 2,4,6-TCP and PCP, the mean speed of the bacteria
(V = 42.72 μm·s−1 and V= 38.67 μm·s−1 respectively) was much
higher than in the negative control (V = 18.01 μm·s−1). When ana-
lyzing 2,3,5,6 TeCF, the average bacterial speeds were very low
(V = 10.18 μm·s−1) in all the areas of the image. This, along with the
low M(i) (Table 1), could be the result of a high amount of moving
bacteria with slow displacement. The mild activity observed towards
2,3,5,6 TeCF could be related to the chloro-substitution patterns, where
chlorophenols having 2,4- or 2,6 chloro-substitution patterns were
better substrates than 3,5-substituted chlorophenols (Murialdo et al.,
2003). Consequently, bacteria could be less active or have a higher
mortality in the area near the plug. This effect was more accentuated
for the plug with 2,4,5 TCP (V= 13.91 μm·s−1), where the bacterial
mean speed decreased to a greater extent than in the negative plug
(Fig. 3). 2,4,5 TCP is a meta-substituted CP and, therefore, it is more
recalcitrant than the other CPs. Moreover, the mixed culture is not able
to use this CP as a carbon source (Murialdo et al., 2003).
To the best of our knowledge, this is the first report of bacterial
chemotaxis studies employing PCP, 2,4,6-TCP, 2,4,5 TCP and 2,3,5,6-
TeCP as attractant or repellent. Chemotaxis plays an important role in
the biodegradation of other pollutants such as naphthalene, nitroaro-
matic compounds and chloroaromatic (Pandey and Jain, 2002; Bhushan
et al., 2004; Parales, 2004). Thus, the capacity of P. aeruginosa and A.
marplatensis to degrade and move positively towards CPs might help
enhance the degradation of these recalcitrant compounds which is a
helpful trait in bioremediation processes.
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